Background
==========

Scope of problems in managing the patients with type 2 diabetes mellitus (T2DM)
-------------------------------------------------------------------------------

The obesity epidemic has had multiple effects on public health, including an increase in blood pressure (BP) and in the prevalence of T2DM.[@b1-vhrm-13-043],[@b2-vhrm-13-043] Approximately one in seven adults in the USA have diabetes, and roughly two out of five have prediabetes based on the 2011 National Health and Nutrition Examination Survey data.[@b3-vhrm-13-043] Both diabetes and prediabetes substantially increase the risk of cardiovascular (CV) and renal disease.[@b4-vhrm-13-043] Other risk factors for T2DM include age, physical inactivity, ethnicity, and medications such as glucocorticoids.[@b5-vhrm-13-043] Diabetes frequently conspires with hypertension and dyslipidemia predisposing patients to several additional CV risks. Moreover, the prevalence of T2DM among adolescents is increasing,[@b6-vhrm-13-043] and this is expected to increase by an additional 50% by 2050.[@b7-vhrm-13-043] Tragically, earlier onset and a longer duration of diabetes enhance the likelihood of microvascular and macrovascular disease manifestations, including coronary artery disease, stroke, peripheral artery disease, and kidney failure, which have dramatic effects on life quality, ability to work, and the costs of health care.[@b7-vhrm-13-043] Often, the elevation in glucose in T2DM smolders for a long period undetected, and patients can present with a diabetes-related complication at the time of the diagnosis of diabetes.[@b8-vhrm-13-043] Such findings support the clinical concept that tissue damage associated with hyperglycemia develops before the clinical symptoms and signs are manifest.[@b9-vhrm-13-043]

Evolution of therapies for diabetes
-----------------------------------

The management of hyperglycemia in diabetic patients has fostered the development of an impressive array of lifestyle and pharmaceutical approaches. Among the lifestyle factors espoused by the American Diabetes Association, weight loss and exercise feature prominently.[@b10-vhrm-13-043] Among the pharmaceutical approaches other than insulin, metformin has been consistently recommended as a useful agent in T2DM in part because it does not promote weight gain or hypoglycemia, unlike sulfonylurea agents and insulin, which typically do.[@b11-vhrm-13-043] In recent years, a number of new classes of antihyperglycemic agents have been introduced in the management of T2DM as shown in [Figure 1](#f1-vhrm-13-043){ref-type="fig"}. One new class, which typically is associated with weight reduction, is the selective inhibitors of the sodium--glucose-linked transporter type 2 (SGLT2) located principally in the proximal tubule of the kidney. The first agent in this class approved by the Food and Drug Administration (FDA) for T2DM in the USA in 2013 was canagliflozin.

Phlorizin: the earliest known SGLT2 inhibitor
---------------------------------------------

Phlorizin was first isolated from the bark of the apple tree by French chemists in 1835.[@b12-vhrm-13-043] Since the bark of other trees had proven useful as antipyretics and antimalarials, phlorizin was initially hoped to be such. Investigations revealed that it could lower elevated glucose levels when administered orally in a diabetic mouse model. The mechanisms became apparent in that phlorizin administration produced a mellituria (sweet urine) as first noted in 1885. Hampered by nonselective SGLT1 and SGLT2 blockade, low oral availability, and rapid metabolism by β-glucosidase, interest in developing it as a human antihyperglycemic agent languished until the late 1980s when interest in sodium--glucose-linked transporters (SGLTs) began to intensify and studies revealed (again) that phlorizin could reduce glucose levels and improve insulin sensitivity in diabetic rats.[@b12-vhrm-13-043] Manipulation of the basic phlo-rizin structure with the addition of aryl rings increased the selectivity for SGLT2,[@b13-vhrm-13-043] and further refinements included adding an arylglucoside to reduce beta-glucosidase cleavage.[@b14-vhrm-13-043] The chemical structure of phlorizin is shown in [Figure 2](#f2-vhrm-13-043){ref-type="fig"}, with a glucose molecule placed beside it, along with the chemical structure of canagliflozin, so that the reader can see the similarities and how the molecular mimicry of phlorizin lends itself to occupying the SGLT2 inhibitor.

Mechanisms of action of canagliflozin
=====================================

Renal glucosuria
----------------

Normal human urine is essentially devoid of glucose. Consequently, measurable urinary glucose excretion (glucosuria) is usually abnormal; however, glucosuria occurs in a variety of contexts. When glucosuria is accompanied by excessive urinary excretion of amino acids, phosphate, bicarbonate, and other solutes, the diagnosis of Fanconi syndrome is likely present. If glucosuria is isolated, without hyperglycemia, this corroborates familial renal glucosuria (FRG) as the diagnosis. FRG is linked to mutation in the solute carrier family 5 (sodium/glucose transporter) member 2 (SLC5A2) gene, which implicates functional disruption or loss of function of the SGLT2.[@b15-vhrm-13-043] Daily glucosuria can range from \<1 g/day to as much as 150 g/1.73 m^2^/day. Given the multitude of potential mutations, the varied degree of penetrance, and the overall lack of phenotype, it is difficult to determine finite genotype--phenotype links. Generally, FRG is considered to be a benign condition as it is not associated with clinical consequences. In one study, after a follow-up time of 30 years, the only manifestations detected were polyuria, enuresis, and a later mild growth and pubertal maturation delay.[@b16-vhrm-13-043] Some other reported symptoms were episodic dehydration and ketosis, during times of starvation, and increased urinary tract infections. In a 104-week trial comparing canagliflozin with glimepiride, a significant reduction in estimated glomerular filtration rate (eGFR) was observed with glimepiride, whereas eGFR remained almost stable with canagliflozin 100 mg and 300 mg.[@b17-vhrm-13-043] The overall benign nature of FRG suggests that the application of therapeutics that mimic the same molecular changes, namely SGLT2 inhibitors, would have a similar benign course.

Physiology of kidney glucose transport
--------------------------------------

Research into how the kidney recovers filtered glucose has identified two principal SGLTs in the proximal tubule, where virtually all of the glucose filtered by the glomerulus is recovered and most of that is through the SGLT2.[@b18-vhrm-13-043],[@b19-vhrm-13-043] Phlorizin, hampered by poor oral absorption and rapid metabolism, nonetheless demonstrated the proof of principle that blood sugar could be reduced through glucosuria, setting the stage for the development of the class of SGLT2 inhibitors, of which canagliflozin was the first FDA-approved agent in class in the US market in 2013. Others have followed, including dapagliflozin (FDA approved in January 2014) and empagliflozin (FDA approved in July 2014), with others in development.

Studies on the blocking effects of phlorizin on proximal kidney tubule reabsorptive function were specific for glucose. Phlorizin, and the subsequent SGLT2 inhibitors such as canagliflozin, did not affect amino acid excretion and appeared to model a disorder known as renal glycosuria, an autosomal dominant heritable condition.[@b15-vhrm-13-043]

Clinical profile of canagliflozin
=================================

Clinical effects of canagliflozin
---------------------------------

### Effects on glucose

Distal tubules in the kidney are not equipped to handle glucose that escaped reabsorption proximally. Proximal SGLT2 blockade lowers blood glucose levels in a manner proportionate to the level of glucose filtered. In conjunction with the reduction in blood glucose, there is a dose-related decline in HbA1C concentrations of \~0.5% with the 100 mg once-daily dose and 1.0% with the 300 mg once-daily dose. Although estimates vary, it is likely that 300--500 kcal of energy in the form of glucose are lost each day in a diabetic taking an SGLT2 inhibitor.

[Table 1](#t1-vhrm-13-043){ref-type="table"} lists a number of efficacy trials of canagliflozin used alone or in combination with other agents. At daily doses of 100 mg and 300 mg canagliflozin, therapy is typically associated with a reduction in glycated HbA1C compared with placebo on the order of 0.9--1.2%.[@b20-vhrm-13-043],[@b21-vhrm-13-043] When used in combination with metformin, the reductions in HbA1C are typically \~0.6%. When used with metformin and a sulfonylurea, reductions of \~0.7% are noted. The combination of canagliflozin to metformin plus thiazolidinedione is attended by \~0.9% HbA1C reduction.[@b22-vhrm-13-043]--[@b25-vhrm-13-043] Compared with glimepiride, reductions in HbA1C with canagliflozin add-on therapy (decrease of 0.8--0.9%) in patients already treated with metformin were similar to glimepiride (decrease of 0.8%) at 52 weeks.[@b26-vhrm-13-043] These changes in HbA1C remained persistent for 2 years.[@b27-vhrm-13-043] In patients treated with metformin plus a sulfonylurea, reductions in HbA1C with 300 mg canagliflozin daily (1.0%) were similar to sitagliptin (0.7%) at 52 weeks.[@b28-vhrm-13-043] As monotherapy, or in combination regimens, canagliflozin is an effective antihyperglycemic agent.

There are limited data on SGLT1 selectivity differences between current SGLT2 inhibitors on the market. It is postulated that greater selectivity of canagliflozin for SGLT1 may reduce postprandial sugars more effectively than others in normal subjects. However, the importance of SGLT1 blockade in patients with T2DM has not been shown. We anticipate that, in the future, more comparative effectiveness investigations between agents will be undertaken given the recent publication of the framework for a network analysis of agents within the class.[@b29-vhrm-13-043]

### Effects on weight

The glucose-driven diuresis with canagliflozin represents a caloric drain on the body. In patients treated with canagliflozin for 6--12 months, weight reductions in the range of \~3 kg occur with canagliflozin, which are maintained while treatment continues.[@b30-vhrm-13-043] The amount of weight loss is dose related. In a pooled analysis of 2250 patients treated with 100 mg daily or 300 mg daily of canagliflozin (or placebo) for 26 weeks, the 100 mg dose was associated with \~3% reduction in body weight and the 300 mg dose with \~4% reduction in body weight, while placebo had little effect. With canagliflozin treatment, approximately two-thirds of the weight loss is accounted for by a reduction in fat mass.[@b31-vhrm-13-043] Weight loss is likely part of the long-term reduction in BP noted with SGLT2 inhibitors.[@b32-vhrm-13-043] In a recent regression analysis, \~42% of the placebo-subtracted reductions in systolic BP (SBP) with canagliflozin was dependent upon the reduction in weight.[@b31-vhrm-13-043]

### Effects on BP

As a class, SGLT2 inhibitors have shown a reasonably consistent effect on office and ambulatory BP.[@b33-vhrm-13-043] A pooled analysis of phase 3 studies comprising 2313 patients treated with canagliflozin again showed dose-related reductions in BP, whether or not the patient was hypertensive and taking antihypertensive medications.[@b34-vhrm-13-043] In the normotensive patients, the reductions in BP were \~4/2 mmHg (systolic/diastolic) for the 100 mg daily dose and 5/2 mmHg for the 300 mg daily dose more than placebo. In the hypertensive patients, the reductions with 100 mg once daily were 6/−1 mmHg (diastolic was \~1 mmHg higher than placebo) and 7/2 mmHg with 300 mg once daily. A 6-week study of canagliflozin in 169 hypertensive diabetic patients comparing placebo with the 100 mg and 300 mg daily doses using 24-h ambulatory BP monitoring over a 6-week treatment period was recently reported.[@b35-vhrm-13-043] Measurements of 24-h ambulatory BP monitoring were undertaken prior to randomizing to the three arms, repeated on the day subjects took their first dose of blinded study medication, and performed a third time at the end of 6 weeks of treatment. Compared with placebo, 24-h BP values on 100 mg daily were 3/2 mmHg lower and with 300 mg daily 5/3 mmHg lower at the end of 6 weeks of therapy. Moreover, 24-h BP values were 2 mmHg systolic lower on both doses of canagliflozin compared with placebo during the first day and night of blinded therapy when subjects received an SGLT2 inhibitor for the first time. The mechanisms of SGLT2 inhibition that lower BP include a volume reduction component,[@b36-vhrm-13-043] weight loss,[@b31-vhrm-13-043] and possibly arterial stiffness reduction.[@b30-vhrm-13-043]

### Effects on the sympathetic nervous system

Our interpretation of the lack of heart rate increases despite the decline in BP and modest volume depletion in patients treated with SGLT2 inhibitors suggests that there may be an element of sympathetic inhibition in the mechanism of action of this class of drugs, but there is little beyond our speculation to support this, although we note that the reduction in BP values with SGLT2 inhibitors is generally not attended by an increase in heart rate. This supports an anti-sympathetic influence.

### Effects on the kidney function and albuminuria

Kidney histological studies of diabetic animals treated with phlorizin revealed improved antioxidant enzyme activity and attenuated end effects of hyperglycemia. Diabetes is associated with increased tyrosine nitration in the renal cortex and medulla. Nitrotyrosine is presumed to be a stable end product of mitochondrial and cytosolic proteins from peroxynitrite. This modification represents either a marker of oxidative stress or the stable end product of mitochondrial and cytosolic protein alteration.[@b37-vhrm-13-043] In phlorizin-treated animals, the nitrotyrosine stain was decreased suggesting a protective effect. Phlorizin has also been shown to prevent proteinuria, hyperfiltration, and kidney hypertrophy, but not glomerular hypertrophy.[@b38-vhrm-13-043]

SGLT2 inhibitors have been observed to promote reductions in intraglomerular pressure, and uric acid levels induced by SGLT2 inhibition in addition to decreased glomerular hyperfiltration and albuminuria.[@b39-vhrm-13-043] Tubuloglomerular feedback explains the effects of SGLT2 inhibition and the resulting mitigation of glomerular hyperfiltration. By increasing distal sodium delivery and thus sodium detection by the macular densa, adenosine is upregulated, resulting in afferent renal vasoconstriction and decreased glomerular filtration rate (GFR).[@b40-vhrm-13-043] A 6-month study of canagliflozin decreased the urinary albumin to creatinine ratio (ACR) in a study by Yale et al[@b41-vhrm-13-043] in a dose-dependent fashion, with the median urinary ACR decreasing by 29.9%, 20.9%, and 7.5% in canagliflozin 100 mg, 300 mg, and placebo groups, respectively.

Canagliflozin reduces urinary albumin excretion compared with other antihyperglycemics in diabetic patients already on metformin.[@b42-vhrm-13-043] The magnitude of urine ACR reduction appears to be time dependent and is \~25% after 1 year, dropping to \~10% at 2 years. Decreasing urinary albumin excretion is reassuring in terms of renal injury and suggests a protective effect.

### Effects on uric acid

A recent meta-analysis of four studies observed that canagliflozin reduced serum uric acid concentrations by 13% (or a decrease in 0.7 mg/dL) without a difference in the 100 mg or 300 mg daily doses.[@b43-vhrm-13-043] The mechanism for this is not clear at this time, but may be due to the solute carrier family 2 (facilitated glucose transporter) member 9 (SLCA2A9; also called "GLUT9"), a transporter that exchanges uric acid for glucose in the kidney tubule.[@b44-vhrm-13-043] Reductions in uric acid levels are associated with benefit in diabetic models,[@b45-vhrm-13-043] which suggests that this feature may be of clinical benefit.

Adverse effects of SGLT2 inhibitors
-----------------------------------

Although the primary focus of this review is the first-in-class SGLT2 inhibitor, canagliflozin, enough data have accumulated on this new class that the authors felt it important to cast a wide net in this section and cover the entire class.

### Hypoglycemia

Although the risk of hypoglycemia with SGLT2 inhibitors is greater than placebo,[@b46-vhrm-13-043] it is in fact lower when compared with sulfonylureas. Dapagliflozin was found to have episodes of hypoglycemia at a rate of 11.8%, which was marginally increased over placebo at 7.0%.[@b47-vhrm-13-043] Protection from significant hypoglycemia occurs secondary to the insulin-independent mechanism of SGLT2 inhibitors, hepatic gluconeogenesis, and pharmacokinetics of the medicines.[@b48-vhrm-13-043] Diminished GFR is a limiting factor for the effectiveness of SGLT2 inhibitors and thus can dampen the degree of glucose lowering. The EMPA-REG OUTCOME study also revealed that the incidence of hypoglycemic events was comparable between placebo and empagliflozin at different doses and that empagliflozin in fact had less incidence of hypoglycemia requiring assistance.[@b49-vhrm-13-043] Overall, episodes of hypoglycemia occur at a similar rate as placebo and should not limit the use of SGLT2 inhibitors.

Interestingly, recent studies suggest an augmentation in insulin sensitivity and increased endogenous glucose production due to empagliflozin therapy. This may be due to decreased glucose toxicity but provides another compelling argument for the therapeutic potency of SGLT2 inhibitors.[@b50-vhrm-13-043]

The risk of hypoglycemia is increased when SGLT2 inhibitors are combined with hypoglycemic agents (sulfonylureas or insulin) but can be proactively reduced by reducing or stopping other hypoglycemic therapy.

### Orthostatic BP changes

Assuming the importance of the diuretic mechanism driving BP improvement under SGLT2 inhibition, there is concern for potentially threatening volume depletion. This fear restricts general utilization of SGLT2 inhibitors. The diuretic component of SGLT2 inhibitors is linked to the subsequent increase in sodium excretion. Although the risk of orthostasis exists, it is typically a transient symptom that may be exacerbated by the use of renin--angiotensin--aldosterone system inhibition. Orthostasis has been observed as a possible side effect of SGLT2 inhibitors, but it is infrequent. In a study of canagliflozin, 8% of test subjects were noted to have had transient orthostasis.[@b51-vhrm-13-043] This is in line with what is observed in FRG.

To investigate the diuretic properties of SGLT2 inhibitors, dapagliflozin was compared with placebo and hydrochlorothiazide in a randomized, double-blind trial.[@b36-vhrm-13-043] It revealed that the 24-h BP decrease for dapagliflozin was intermediate between the other two arms of the study with a decrease of −0.9 mmHg (95% confidence interval \[CI\]: −4.2, +2.4), −3.3 mmHg (95% CI: −6.8, +0.2), and −6.6 mmHg (95% CI: −9.9, −3.2) for placebo, dapagliflozin, and hydrochlorothiazide, respectively. Curiously, office BP recordings were the lowest for dapagliflozin. The authors believed this to be secondary to BP recordings being taken during the daytime hours. Subgroup analyses were conducted to evaluate changes in body volume as well. Both plasma volume and red cell mass were estimated using radioisotope techniques with ^51^Cr-labeled erythrocytes and ^125^I-labeled human serum albumin. Changes from baseline in plasma volume for placebo, dapagliflozin, and hydrochlorothiazide groups were +5.2% (−2.5 to +8.7), −7.3% (−12.4 to −4.8), and +2.8% (−10.6 to +25.7), respectively. This corroborates that it is a unique quality of SGLT2 inhibitors to effectively decrease circulating plasma volume. However, the study also revealed a paradoxical slight increase in brain natriuretic peptide in the dapagliflozin arm. The authors attributed this potentially to increased erythropoietin, which has been linked to elevated brain natriuretic peptide levels. In addition, laboratories evaluated at 12 weeks also revealed an increase in plasma renin and aldosterone. This trend was also observed for canagliflozin, showing a modest increase in urine volume in week 1 out of a 12-week investigation. There was an attenuation of urine volume by week 12, but other indices such as creatinine and serum blood urea nitrogen remained elevated throughout.[@b52-vhrm-13-043]

Proactively, if the patient's BP is on the low side when initiating SGLT2 inhibitor therapy, decreasing or stopping the diuretic, or another antihypertensive agent, can reduce the likelihood of symptomatic orthostasis.

### Acute kidney injury

Given the BP effects during SGLT2 inhibition, and the feared diuretic component therein, there is a theoretical risk of significant hypotension leading to acute kidney injury. However, in the EMPA-REG study, the incidence of acute kidney injury was actually decreased in the empagliflozin arm when compared with the placebo group.[@b49-vhrm-13-043] Significant acute kidney injury seems to occur during episodes of euglycemic diabetic ketoacidosis (DKA), which are less common events. This suggests that the risk of acute kidney injury is minimal under SGLT2 inhibition.

### Hyperlipidemia and steatohepatitis

SGLT2 inhibitors have been shown to affect lipid levels. Small increases in both high-density lipoprotein (HDL) and low-density lipoprotein (LDL) were observed, whereas triglycerides were mildly reduced under SGLT2 inhibition. LDL was increased from 1.8% to 4.4% with dapagliflozin versus 0.4% with placebo. Triglycerides were slightly reduced by --2.4% to --6.2% and by 2.1% with dapagliflozin and placebo, respectively.[@b53-vhrm-13-043] It is unclear if these small perturbations are clinically relevant.[@b54-vhrm-13-043] However, SGLT2 inhibition is simultaneously associated with overall weight reduction, decrease in adiposity, and attenuated degree of inflammation. As such, empagliflozin has been demonstrated to decrease the incidence of steatohepatitis.[@b55-vhrm-13-043] All SGLT2 inhibitors have been linked to waist circumference reduction.[@b56-vhrm-13-043] Thus, it is surprising that a small increase in LDL was detected; this observation may not be replicated on repeat investigations.

### Infections

The glucosuria resulting from SGLT2 inhibitor therapy has both positive and negative health benefits. Among the adverse effects noted with glucosuria is a susceptibility to urinary tract infections and genital mycotic infections. In a different double-blind, placebo-controlled, dose-ranging study, investigators revealed an increased risk of vulvovaginal adverse events (VVAEs) among those taking canagliflozin.[@b57-vhrm-13-043] Subjects were tested at baseline for *Candida* colonization, and of those who were initially negative, 31% of canagliflozin cohort and 14% of the placebo/sitagliptin subjects had conversion to positive urine tests by week 12 (odds ratio \[OR\], 2.8; 95% CI, 1.0--7.3 for canagliflozin vs placebo/sitagliptin). This conversion placed subjects at increased risk for VVAEs, including candidiasis, cervicitis, furuncle, genital rash, vaginal discharge, vulvovaginal candidiasis, vulvovaginal mycotic infection, vulvovaginal pruritus, and vulvovaginitis. Two placebo/sitagliptin (3%) and 16 canagliflozin subjects (10%) experienced VVAE. Notably, these infections did not require discontinuation of the SGLT2 inhibitor, and they were simply treated with antifungal therapy. The EMPA-REG study also corroborates this phenomenon, with an increased percentage of genital infections in the empagliflozin group.[@b49-vhrm-13-043] Hasan et al[@b14-vhrm-13-043] found a dose-dependent increase in glucosuria; however, there did not appear to be a dose-dependent increase in urinary tract infections.[@b57-vhrm-13-043]

Thus, although there is an increase in urinary tract infections and genital mycotic infections, these seem to be easily treated, can be prospectively mitigated by advising fastidious bathroom habits, and do not outweigh the significant improvements in glucose control without hypoglycemia. In addition, one can further minimize infection risks by advising patients to drink more fluids -- enough to keep urine dilute.

### Bone health and fracture risk

In a randomized, double-blind study, 252 patients were assigned to either low-dose dapagliflozin, high-dose dapagliflozin, or placebo. It was found that 13 patients receiving dapagliflozin incurred a bone fracture, whereas no patients receiving placebo experienced a bone fracture.[@b58-vhrm-13-043] Seven of these 13 patients had diabetic nephropathy and orthostatic hypotension. Separately, it has been observed that there was an increased risk of fracture in a cohort taking canagliflozin after a mean duration of 68 weeks.[@b59-vhrm-13-043] Although the SGLT2 protein is poisoned, there is an increased sodium load in the renal tubule, which increases cotransport of sodium and phosphate through their respective protein. This leads to hyperphosphatemia and subsequently increased parathyroid hormone levels.[@b60-vhrm-13-043] The effects on 1,25-dihydroxyvitamin D is less clear as SGLT2 inhibitors increase both PTH and FGF23, which increase and decrease 1,25-dihydroxyvitamin D, respectively. These changes occurred while taking SGLT2 inhibitors at expected pharmacological dosing. Both dapagliflozin and canagliflozin have been shown to increase levels of bone formation biomarkers, corroborating increased bone turnover. Decreases in bone density may also attend the concurrent weight loss with SGLT2 inhibitors.[@b61-vhrm-13-043] In September 2015, the FDA strengthened its warning about canagliflozin and the increased risk of bone fractures.

### Ketoacidosis

Several case reports have been generated describing cases of euglycemic DKA in the context of SGLT2 inhibitor use. In one review of 13 patients by Peters et al,[@b62-vhrm-13-043] they described the complication in 7 with type 1 diabetes mellitus and two with T2DM. The altered physiology under SGLT2 inhibition can explain this via several mechanisms. With increased glucosuria, there is a relative hypoinsulinemia that leads to lipolysis, along with increased glucagon synthesis, both of which lead to ketogenesis. Additional predisposing factors include food restriction and alcohol intake. The concerning phenomena with euglycemic DKA is the uncoupling of the clinical presentation from symptoms of hyperglycemia. Only 32% of the patients reviewed by Peters et al presented with vomiting. Thus, these patients are particularly vulnerable as they cannot appropriately monitor the degree of ketosis under the normal mechanisms of symptomatology and glucose monitoring. It may be advisable that patients check their urine for ketones if they begin to feel ill. Euglycemic DKA also presents a dilemma in the postoperative patient as the duration of action of SGLT2 inhibitors is not definitively known. Overall, the rate of ketoacidosis in patients with T2DM is quite low at \~0.5%.[@b63-vhrm-13-043]

### Amputations

Canagliflozin Cardiovascular Assessment Study (CANVAS)[@b24-vhrm-13-043] is an ongoing randomized control study in which more than 4000 patients with T2DM receiving either 100 mg or 300 mg of canagliflozin are being compared with placebo ([Table 1](#t1-vhrm-13-043){ref-type="table"}). Their current data have detected an increase in lower extremity amputations, predominantly toe amputations. The reported rates in this ongoing trial are three cases per 1000 patient-years in placebo, seven cases per 1000 patient-years in those treated with 100 mg daily of canagliflozin, and five cases per 1000 patient-years in patients receiving 300 mg daily of canagliflozin. The European Medicines Agency (EMA) has requested additional analysis to determine whether this is merely a correlation or causal relationship, as the high-risk patients in this study with uncontrolled diabetes and peripheral vascular disease are prone to these complications. The FDA issued a safety announcement regarding the issue, encouraging additional vigilance among providers (<http://www.medscape.com/viewarticle/862009?src=medscapeappipad&ref=email>; accessed on August 29, 2016; MedScape account \[free\] needed).

Long-term beneficial effects of SGLT2 inhibition
------------------------------------------------

### Cardiovascular

Aside from glucose control, and the weight and BP reductions observed with SGLT2 inhibitors such as canagliflozin, the recent EMPA-REG trial demonstrated a benefit of a different SGLT2 inhibitor, empagliflozin, on CV outcomes in patients with T2DM.[@b30-vhrm-13-043] EMPA-REG was a multicenter, international, randomized, double-blind, placebo-controlled trial that assessed the effect of empagliflozin versus placebo with regard to a myriad of primary and secondary outcomes. The investigators observed that after a mean follow-up time of \~3 years, empagliflozin had lower rates of death from CV causes (3.7% vs 5.9% in the placebo group, with a 38% relative risk reduction), hospitalization for heart failure (2.7% vs 4.1%, with a 35% relative risk reduction), and death from any cause (5.7% vs 8.3%, with a 32% relative risk reduction).[@b49-vhrm-13-043]

### Kidney function

The report on the EMPA-REG CV findings was followed by an investigation that centered on kidney outcomes in a subset of the EMPA-REG participants.[@b64-vhrm-13-043] These patients with nephropathy, defined as an eGFR \>30 mL/min/1.73 m^2^, were evaluated for the primary outcome defined as the development of end-stage kidney disease or a doubling of the serum creatinine. In this study, investigators observed that 12.7% of patients in the empagliflozin group versus 18.8% in the placebo group (hazard ratio in the empagliflozin group, 0.61; 95% CI, 0.53--0.70; *P*\<0.001) reached the primary outcome.[@b64-vhrm-13-043] Studies of canagliflozin in patients with chronic kidney disease show an early modest decrease in eGFR that stabilizes and returns toward baseline values when canagliflozin is stopped.[@b42-vhrm-13-043] Part of this renoprotection is likely linked to the aforementioned changes in tubuloglomerular feedback and minimizing hyperfiltration.

An additional renal protective mechanism of SGLT2 inhibitor may involve inhibition of fibrogenesis. In vitro studies have found that application of [d]{.smallcaps}-glucose to either the apical or basolateral side of confluent porcine kidney cells revealed an increase in basolateral fibronectin accumulation.[@b65-vhrm-13-043] It would be insightful to investigate how this observation would be changed with application of SGLT2 inhibition. However, a separate study in SGLT2 knockout mice did not show changes to oxidative stress or fibrosis, suggesting that SGLT2 inhibitors modulate mechanisms of fibrosis independent of its receptor protein proper that culminates in protection from oxidative stress.[@b66-vhrm-13-043] Other studies have suggested reductions of inflammatory and fibrotic makers under SGLT2 inhibition.

Importantly, the effects of SGLT2 inhibitors require a certain amount of GFR to ensure pharmacologic effect. Given this constraint, benefits with regard to renal prognosis would be cultivated if therapy is initiated early when GFR begins to decline.

Finally, a recent review suggests that these benefits may be a class effect and not just related to empagliflozin, or to the high-risk population enrolled in the EMPA-REG trial.[@b67-vhrm-13-043]

Completed clinical studies using canagliflozin
----------------------------------------------

Intervention trials using canagliflozin have centered on several end points, including reduction in urine albumin excretion, reducing proteinuria and reducing end-stage renal disease, and major adverse CV effects. [Table 1](#t1-vhrm-13-043){ref-type="table"} shows specific trials using canagliflozin, enrollment goals, and specific outcomes. To date, a combined analysis of nine studies of canagliflozin conducted prior to FDA approval observed a lower occurrence of major adverse CV events, including fatal/nonfatal heart attack, fatal/nonfatal stroke, death from CV causes, or hospitalization due to unstable angina, with canagliflozin versus other antihyperglycemic medication (18.9 vs 20.5 events per 1000 patient-years) as shown at: <http://www.accessdata.fda.gov/drugsatfda_docs/nda/2013/204042Orig1s000SumR.pdf> (accessed on September 1, 2016). A numeric, but not statistically significant, increase in the occurrence of stroke was observed with canagliflozin versus comparator (6.8 vs 4.6 events per 1000 patient-years) in this preliminary analysis, a curious finding given the BP reduction and something that was observed in EMPA-REG as well, where the comparator group had 10.5 fatal/nonfatal stroke events per 1000 patient-years compared with the empagliflozin arms, which had a rate of 12.3 events per 1000 patient-years.[@b49-vhrm-13-043]

Clinical caveats with canagliflozin therapy
-------------------------------------------

The most common side effect ascribed to canagliflozin, and all SGLT2 inhibitors, is mycotic genitourinary tract infections because of the glucose in the urine. Fortunately, to date, these appear to be relatively simple to treat and patients can continue the SGLT2 treatment throughout infection and afterward.

A drug capable of lowering BP may do so excessively, and a consequence of SGLT2 inhibition is a symptomatic reduction in BP, particularly upon standing, likely as a result of the diuretic-like effect on circulating blood volume.[@b36-vhrm-13-043] Volume-related effects also include dizziness, nausea, fatigue, and occasionally numerically significant falls in standing SBP of 20 mmHg or more. Hydration is encouraged in patients taking these medications. As mentioned earlier, if treated with a diuretic, clinicians often halve, or hold, diuretic therapy in patients with diabetes when starting canagliflozin, or any of the other SGLT2 inhibiting drugs.

An increase in serum creatinine, not unlike the changes often noted when starting an angiotensin converting enzyme (ACE) inhibitor or an angiotensin receptor blocker, has been observed. These are typically on the order of up to 0.2 mg/dL increases in serum creatinine over baseline values and are similar to the effects of thiazide diuretics on kidney function in diabetics, tending to return to pretreatment values if the SGLT2 is discontinued.[@b42-vhrm-13-043] It may be that SGLT2 inhibitors reduce the hyperfiltration associated with diabetes.[@b68-vhrm-13-043]

One of the most concerning complications, fortunately uncommon, with canagliflozin usage is normoglycemic ketoacidosis.[@b30-vhrm-13-043] This is more likely to occur when managing a type 1 diabetic (for whom, at this time, these drugs are not indicated), in whom insulin dosages are reduced as glucose improves. The relative insulinopenia, along with an increase in glucagon associated with SGLT2 therapy, contributes to the ketoacidosis and it has been reported in some patients with T2DM who are relatively insulin deficient.

Ongoing studies of canagliflozin
--------------------------------

[Table 2](#t2-vhrm-13-043){ref-type="table"} lists the ongoing major trials using canagliflozin.

### Canagliflozin Cardiovascular Assessment Study

This is a multinational study comparing the effects of canagliflozin compared with standard of care in type 2 diabetics who have HbA1C concentrations of 7%--10.5% at enrollment. The trial is active but not recruiting and is assigned the number NCT01032629 at clinical trials website ([www.clinicaltrials.gov](http://www.clinicaltrials.gov)). There are three arms, with enrolled participants randomized to placebo, canagliflozin 100 mg daily, or canagliflozin 300 mg daily, along with standard care of diabetes. CANVAS included high CV risk participants characterized by either existing symptomatic CV disease (in the coronary, cerebral, or peripheral circulations) or at high risk of CV events (\>2.25% events per year was the estimated risk cutoff level) requiring participants to be in the age group of ≥50 years and to have two of the following: duration of diabetes mellitus (DM) for \>10 years; SBP \>140 mmHg or at least one BP medication; current smoker; albuminuria above normal range; or a reduced HDL cholesterol concentration if not symptomatic, as detailed in the design paper.[@b24-vhrm-13-043] The primary outcome of CANVAS is the time to occurrence of the first event of death, nonfatal heart attack, and or nonfatal stroke.

### Evaluation of the effects of Canagliflozin on Renal and Cardiovascular Outcomes in Participants with Diabetic Nephropathy (CREDENCE)

This is also a multinational study comparing the effects of 100 mg canagliflozin daily with placebo, with standard care in type 2 diabetics with nephropathy who have HbA1C concentrations of 6.5%--12.0% at enrollment. Nephropathy is defined as having an eGFR of 30--90 mL/min/1.73 m^2^ and a urine ACR of 300 mg (albumin)/gram (creatinine). The trial is active and recruiting and is assigned the number NCT02065791 at clinical trials website. The primary outcome of CREDENCE is the time to end-stage kidney disease, doubling of the serum creatinine concentration, or a CV- or renal-related death.

Summary
=======

SGLT2 inhibitors such as canagliflozin represent an important addition to the management of T2DM. In addition to glucose lowering, they also promote weight loss and reduce BP. Several important caveats attend their use, including the risk of genital mycotic infections, symptomatic orthostatic BP changes, and a small but clinically important tendency to normoglycemic ketoacidosis. The initial experience from the EMPA-REG studies suggests benefit in heart failure, death, and rates of kidney function loss, which represent important components of the natural history of diabetes. This class of drugs may improve the care of patients with T2DM. The results of several ongoing trials with canagliflozin and other SGLT2 inhibitors should help clarify the place of these drugs in the management of diabetes, particularly in those with comorbidities such as hypertension and CV disease.
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###### 

Representative clinical trials of glucose control and body weight changes with canagliflozin

  Study                                      Therapy                         Treatment arms (n)      Baseline A1C% at baseline (mean ± SD)   Change in A1C%       Baseline body weight (kg; mean ± SD)   Change in body weight (kg)
  ------------------------------------------ ------------------------------- ----------------------- --------------------------------------- -------------------- -------------------------------------- ----------------------------
  Stenlof et al[@b20-vhrm-13-043]            Mono-Rx, 26 weeks               CANA 100 mg (195)       8.1±1.0                                 −0.77 (*P*\<0.001)   85.8±21.4                              −2.5 (*P*\<0.001)
                                                                             CANA 300 mg (197)       8.0±1.0                                 −1.03 (*P*\<0.001)   86.9±20.5                              −3.4 (*P*\<0.001)
                                                                             PBO (192)               8.0±1.0                                 0.14                 87.6±19.5                              −0.5
  Wilding et al[@b25-vhrm-13-043]            Combo-Rx, MET + SU, 26 weeks    CANA 100 mg (157)       8.1±0.9                                 −0.85 (*P*\<0.001)   93.8±22.6                              −1.9 (*P*\<0.001)
                                                                             CANA 300 mg (156)       8.1±0.9                                 −1.06 (*P*\<0.001)   93.5±22.0                              −2.5 (*P*\<0.001)
                                                                             PBO (156)               8.1±0.9                                 −0.13                91.2±22.6                              −0.8
  Lavalle-Gonzalez et al[@b23-vhrm-13-043]   Combo-Rx + MET, 26 weeks        CANA 100 mg (368)       7.9±0.9                                 −0.79 (*P*\<0.001)   88.8±22.2                              −3.3 (*P*\<0.001)
                                                                             CANA 300 mg (367)       7.9±0.9                                 −0.94 (*P*\<0.001)   85.4±20.9                              −3.6 (*P*\<0.001)
                                                                             SITA 100 mg (366)       7.9±0.9                                 −0.82                87.7±21.6                              −1.1
                                                                                                                                             NA                                                          NT
                                                                             PBO (183)               8.0±0.9                                 −0.17                86.6±22.4                              −1.1
  Cefalu et al[@b26-vhrm-13-043]             Combo-Rx + MET, 52 weeks        CANA 100 mg (483)       7.8±0.8                                 −0.82                86.9±20.1                              −3.7 (*P*\<0.0001)
                                                                                                                                             NA                                                          
                                                                             CANA 300 mg (485)       7.8±0.8                                 −0.93                86.6±19.5                              −4.0 (*P*\<0.001)
                                                                                                                                             NA                                                          
                                                                             GLIM 6--8 mg (484)      7.8±0.8                                 −0.81                86.5±19.8                              0.7
  Schernthaner et al[@b28-vhrm-13-043]       Combo-Rx MET + SU, 52 weeks     CANA 300 mg (378)       8.1±0.9                                 −1.03                87.4±23.2                              −2.3 (*P*\<0.001)
                                                                                                                                             NA                                                          
                                                                             SITA 100 mg (378)       8.1±0.9                                 −0.66                89.1±23.2                              0.1
                                                                                                                                             NA                                                          
  Inagaki et al[@b21-vhrm-13-043]            Mono-Rx, 24 weeks               CANA 100 mg (90)        7.98±0.73                               −0.74 (*P*\<0.001)   69.1±14.5                              −3.8 (*P*\<0.001)
                                                                             PBO (93)                8.04±0.7                                0.29                 68.6±15.2                              −0.8
  Forst et al[@b22-vhrm-13-043]              Combo-Rx, MET + PIO, 26 weeks   CANA 100 mg (113)       8.0±0.9                                 −0.89 (*P*\<0.001)   94.2±22.2                              −2.6 (*P*\<0.001)
                                                                             CANA 300 mg (114)       7.9±0.9                                 −1.03 (*P*\<0.001)   94.4±25.9                              −3.7 (*P*\<0.001)
                                                                             PBO/SITA 100 mg (115)   8.0±1.0                                 −0.26                93.8±22.4                              −0.2

**Note:** Sodium-glucose cotransporter 2 inhibitors: an evidence-based practice approach to their use in the natural history of type 2 diabetes, Schwartz SS, Ahmed I, *Curr Med Res Opin*, 2016;32(5):907--919, reprinted by permission of the publisher (Taylor & Francis Ltd, <http://www.tandfonline.com>).[@b70-vhrm-13-043]

**Abbreviations:** CANA, canagliflozin; GLIM, glimepiride; PBO, placebo; SITA, sitagliptin; MET, metformin; SU, sulfonylurea; NA, not applicable; NT, not tested; PIO, pioglitazone; A1C%, Hemoglobin A1C concentration.

###### 

Major ongoing trials using canagliflozin

  Age (years)   Treatment arms[a](#tfn3-vhrm-13-043){ref-type="table-fn"}   Baseline CV risk                                   Enrolled (n)        Primary outcome                                      Anticipated end point   Study name
  ------------- ----------------------------------------------------------- -------------------------------------------------- ------------------- ---------------------------------------------------- ----------------------- ----------------------------
  ≥30           PBO, 100, 300                                               H/O CV event or \>50 years old with high CV risk   4331                MACE                                                 April 2017              CANVAS[@b24-vhrm-13-043]
  ≥30           PBO, 100                                                    Not applicable                                     Estimated at 4200   ESKD; doubling serum creatinine; renal or CV death   January 2020            CREDENCE[@b69-vhrm-13-043]

**Notes:**

Arms are placebo once daily, 100 mg canagliflozin daily, and 300 mg canagliflozin daily; MACE, including death, nonfatal myocardial infarction, and nonfatal stroke.

**Abbreviations:** CANVAS, Canagliflozin Cardiovascular Assessment Study; CREDENCE, Canagliflozin on Renal and Cardiovascular Outcomes in Participants with Diabetic Nephropathy; CV, cardiovascular; ESKD, end-stage kidney disease; H/O, history of; MACE, major adverse CV events; PBO, placebo.
